[1] Microgravity data were collected between 2002 and 2009 at the Three Sisters Volcanic Complex, Oregon, to investigate the causes of an ongoing deformation event west of South Sister volcano. Three different conceptual models have been proposed as the causal mechanism for the deformation event:
Introduction
[2] Large-scale deformation events are common at active volcanoes and are most often detected using seismic or deformation techniques [e.g., Dzurisin et al., 1990] . While these methods can provide information about the volume and shape of the deformation source, they do not constrain the change or redistribution of mass at depth. Microgravity surveys, when used in conjunction with deformation data, can provide constraints on the mass flux at depth and source density [e.g., Berrino et al., 1992; Rymer, 1996; Battaglia et al., 2003] .
[3] Microgravity has been utilized on numerous volcanic systems, including Yellowstone (USA) and Campi Flegei (Italy) calderas to constrain and investigate the properties of deformation sources. At both calderas, changes in the associated hydrothermal systems have been postulated by several authors [e.g., Dzurisin et al., 1990 Dzurisin et al., , 1994 Berrino, 1994; Bonafede and Mazzanti, 1998; Orsi et al., 1999; Gottsmann et al., 2006] as a possible source of the observed deformation and gravity change. Microgravity provides the possibility to distinguish between a magmatic and a hydrothermal source, since it can determine the density of the intruding fluid. Natural systems are usually complex and can have multiple deformation sources [e.g., Dvorak and Berrino, 1991; Trasatti et al., 2011] . For example, Gottsmann et al. [2006] show that it is more realistic to model the deformation and gravity data at Campi Flegei as a combination of magmatic and hydrothermal sources. When determining the nature of a deformation event, it is also important to consider the possibility that the Earth's crust may be deforming viscoelastically; an elastic deformation model can result in unrealistic overpressures needed to reproduce the observed uplift [e.g., Berrino et al., 1984] . Furthermore, volcanic areas generally consist, at least in part, of incoherent material produced from eruptions and a high crustal heat flow [e.g., Bonafede et al., 1986] , which produces a lower effective viscosity for the crust and thus requires the consideration of its inelastic properties.
[4] Integrating deformation and microgravity has become the standard approach to determine source parameters [e.g., Battaglia et al., 2008] and it is also important for process identification and forecasting volcanic behavior [e.g., Rymer and Williams-Jones, 2000] . This study combines time series data from microgravity measurements (2002 to 2009) and deformation data [Dzurisin et al., 2006 [Dzurisin et al., , 2009 at Three Sisters Volcanic Field (Oregon, USA) in order to further constrain the nature of the inferred intrusion at depth.
Geologic Setting
[5] The Three Sisters Volcanic Field is located in central Oregon and is part of the Cascade Volcanic arc, which stretches from northern California to southwestern British Columbia (Figure 1 ). The Juan de Fuca plate, at the Oregon coast, is subducting beneath North America obliquely at a rate of $3 cm yr À1 [Riddihough, 1980; Bates et al., 1981] . The central Oregon section of the volcanic arc has produced more Cenozoic vents and lava than any other part of the arc, while historically producing very few seismic events [Guffanti and Weaver, 1988; Priest, 1990; Sherrod and Smith, 1990; Nichols et al., 2011] . The region's aseismic behavior is likely due to a change in tectonic stresses from compression to extension, as well as increased heat flow. Blackwell et al. [1982 Blackwell et al. [ , 1990 show that the regional heat flow in the central Oregon arc averages over 100 mW m À2 , in comparison to 60 mW m À2 in the Washington section of the arc.
[6] The region's extensional stresses are a byproduct of rotation, as southern Washington and Oregon rotate away from the rest of North America [e.g., Magill et al., 1981] . A possible cause for the apparent rotation is the collapse of the Basin and Range [McCaffrey et al., 2000] . It is possible that the rotation driven extension is responsible for the high regional heat flow, gravity anomaly and increase in eruptive products in the central Oregon Cascades [Blackwell et al., 1982 [Blackwell et al., , 1990 . [7] Based on tephrachronology, dating and field relationships, the Three Sisters Volcanic Field has likely been a center of volcanic activity for longer than 700,000 years [Scott et al., 2001] . There are five large Quaternary age cones that dominate the area including: North Sister (400-55 ka [Schmidt and Grunder, 2009] ), Middle Sister (37-14 ka [Calvert et al., 2005] ), South Sister (178-2 ka [Hildreth, 2007] ), Broken Top (150-300 ka [Hildreth, 2007] ), and Mount Bachelor (18-8 ka [Scott et al., 1989; Scott and Gardner, 1990, 1992] ) (Figure 2 ). The youngest, South Sister, erupted rhyolite tephra and lava flows approximately 2000 years ago [Taylor, 1978; Wozniak, 1982; Clark, 1983; Scott, 1987; Fierstein et al., 2011] . This long-lived volcanic center has also had considerable eruptive activity away from the main cones with 10s of vents erupting over the last 4000 years [Scott et al., 2001] . The most recent eruptive event away from the main cones took place approximately 1500 years ago at Belknap Crater, $20 km north of South Sister, with an eruption of basaltic and andesitic lavas [Fierstein et al., 2011] .
[8] Eruptive products, from basaltic to rhyolitic, and different vent locations have led to a variety of eruption styles at the Three Sisters Volcanic Field in the past [Scott et al., 2001] . Large explosive eruptions are rare but have occurred at least 4 times in the last 700,000 years [Scott et al., 2001] , however, at this time, there is no evidence of a magma chamber of sufficient size to drive a large Plinian eruption. The vent locations in the area and their link to tectonic stresses and general eruptive behavior have been discussed by Bacon [1985] , who suggests that the last silicic eruptive episode was fed from a small deep reservoir on the south side of South Sister. The current unrest and deformation takes place west of South Sister and appears to have no relation to the most recent volcanic eruption.
Previous Work
[9] Wicks et al. [2002] discovered that an area west of South Sister was deforming and that it likely started as early as 1996. The results of this study show that from 1998 to October 2000, the deformation was steady with 3 to 5 cm yr À1 of uplift. Modeling of the early results indicated a source depth for the inferred intrusion at 6.5 km, based on a Mogi point source model [Mogi, 1958; Wicks et al., 2002] . Since the discovery of uplift in the Three Sisters region, further deformation [Dzurisin et al., 2006 [Dzurisin et al., , 2009 Riddick and Schmidt, 2011] and water geochemistry surveys [Evans et al., 2004] have been completed in order to better characterize the deep seated processes responsible for this activity.
[10] Spring geochemistry of the Three Sisters area was first investigated by Ingebritsen et al. [1994] who showed that there was a mantle-derived component of CO 2 prior to the start of the current deformation event in the Separation creek drainage system (Figure 2 ). The study also showed an anomalous chloride load of 10 g s
À1
, suggesting that hydrothermal fluids were being incorporated into the springs that drain into Separation creek. More recent data from 2001 and 2002 [Evans et al., 2004] , shows that there was no change in the chloride load or in the temperature of the water flowing in Separation creek, suggesting that previous intrusive heat sources were controlling the hydrothermal system near the center of uplift.
[11] Dzurisin et al. [2006 Dzurisin et al. [ , 2009 refined the original deformation models of Wicks et al. [2002] with a longer time series and more data from continuous and campaign GPS, as well as leveling surveys. Using 95% confidence levels, these deformation models describe the source as a prolate spheroid with a depth of $5 km. Dzurisin et al. [2009] suggested that the uplift rate was decaying ( Figure 3 ) and used it to calculate bounds on the volume change for the whole event by extrapolation; suggesting the . They put forward three conceptual models that could explain the current deformation event: (1) hydraulic or instantaneous response of the crust to continued intrusion at depth; (2) pressurization of the hydrothermal system in the area of Three Sisters and (3) continued viscoelastic response of the crust due to an intrusion emplaced at depth. A more recent study using InSAR data [Riddick and Schmidt, 2011] argues that a sill model is more appropriate resulting in a deeper ($7 km) and a larger source (5-7 Â 10 7 m 3 ). This study better defines the initiation and rates of deformation up to 2001 and suggests the presence of an inflection in the deformation rate in 2004; however, continuous GPS data since 2004 is best fit by an exponential curve (M. Lisowski, personal communication, 2012) . Our study uses the deformation results of Dzurisin et al. [2006 Dzurisin et al. [ , 2009 (Figure 3 ).
Methodology and Results

Microgravity
[12] Mass flux and redistribution at depth can be constrained using a combination of microgravity and high resolution deformation surveys. The microgravity surveys implemented at Three Sisters measure small changes in the gravitational field over time and space across a network of stations. The application and theory of this technique is discussed thoroughly in the literature [e.g., Eggers, 1987; Rymer and Brown, 1986; Rymer, 1996; Battaglia et al., 2008] and hence, will only be summarized here. [13] Due to the remoteness and rugged nature of the area, monitoring of only a very limited gravity network at Three Sisters was feasible. The network consists of 5 stations making a single transect partly spanning the deforming area, which is approximately 10 Â 20 km (Figure 2 ). Measuring only a single profile reduces our ability to describe the source of the event, however, it does cover from the edge to the center of the deformation zone. Repeat measurements in part compensate for the poor spatial coverage. The station locations were chosen such that there was less than 1 mGal difference from the reference station outside the deforming area with respect to the rest of the network to reduce possible tares from having to re-level the beam within LaCoste & Romberg gravimiters. This was accomplished by utilizing both a topographic map to identify areas of equal elevation along the trail and field testing of these sites with a LaCoste & Romberg spring gravity meter. Each station consists of three metal rods drilled into bedrock and made flush with the ground. The rods are arranged such that the 3 levelling screws on LaCoste & Romberg G-and D-meters rest on them to eliminate the need for a base plate while ensuring precise positioning. The stations from the edge of the deforming area to the center are: BASE, BUGS, BRUCE, CUT, and CENTER ( Figure 2 ). CENTER is approximately located at the center of the deforming area, near Separation creek; BASE is on the edge of the deformation zone and is used as the reference station since it is not expected to vary appreciably over the period of study. [14] To maximize accuracy, gravity measurements were collected in station loops where each loop repeats every station at least twice, except CENTER, in order to pinpoint and correct for tares. Tares represent high frequency noise in gravity data due to changes in a gravimeter's spring length, which are typically caused by the instrument receiving a physical shock. Tares in gravity data are either non recoverable, represented by a simple offset between two measurements, or recoverable where the spring recovers over time to its original length. To further allow for tare correction and the removal of noisy data, surveys (station loops) were completed three times over a period of 3 to 6 days; the exception is 2008 and 2009 where only one loop was completed over a single day (Table 1) . After corrections on each survey were performed, surveys which were completed over a single week were grouped and averaged to represent one data point. Two gravity meters were also used on each survey to eliminate any bias due to anomalous results from instrumental malfunction or noise. In some survey sets, station loops were shortened such that stations could be repeated more frequently to increase accuracy (Table 1) .
[15] The raw gravity data was first corrected for the effects of Earth tides. The calculation of Earth tides, based on the recorded time and position of a gravity measurement, has accuracy better than 2 mGal (Quick Tide Pro [Micro-g LaCoste]). Changes in a station's vertical position were corrected by multiplying the height change with the theoretical free air gradient (À306.8 mGal m À1 ) and subtracted. The vertical position of each station was obtained from deformation models and nearby levelling lines [Dzurisin et al., 2009 ]; the models have been shown to fit the deformation data within 95% confidence levels ( Figure 3 ). Instrumental factors such as drift can be ignored as the meters used in this study were stable and the instrumental drifts were negligible over the course of a single survey.
[16] After corrections, the data were normalized to the base station; BASE's closure was averaged and then subtracted from each other measurement in the survey. In surveys that did not close with BASE, the data were normalized to BASE, using a normalized value of BRUCE. This was obtained from other survey days in the same grouping where both BRUCE and BASE were collected. With each station normalized and repeated in a survey, it is easy to identify when a data tare occurred. However, correcting and removing the effects of tares is usually non trivial and increases the uncertainty of the data. It is thus preferable to not use tare-corrupted data, especially when attempting to obtain precise values. The redundancy in the data, by having three surveys with two meters for each data point in time, allows for strict quality control and as such, the data were not corrected for tares. If an unrecoverable tare occurred, either the data from the whole survey with that meter was discarded or only the data before the tare were used. If there was a recoverable tare such that the meter did not display an offset following it, measurements were thrown out until a reasonable closure between stations was obtained (less than 25 mGal). The upper limit for closures from the first to last measurement of the survey is 60 mGal if no specific tare can be identified. Averaging the results from both meters and the whole survey group significantly reduces the effect of any larger closures.
[17] With each station within 1 mGal of the next, calibration between meters is less of a concern, after normalizing each survey to the reference station. The two meters that were used most frequently were G-209 and G-127. G-209, G-248 and D-52 were analogue (with optics and calibration dial) and to be consistent, each analogue meter had the same operator making the measurements at each station. Meters G-127 and D-17 utilize a digital Aliod feedback system to record and collect field measurements. This system allows a 100 mGal dynamic range and removes the necessity for a surveyor to manually null the meter. It also streams the data to a serial device at 2 Hz; each reading in the survey was averaged over one minute, with at least 5 readings per station to further reduce noise. The change in the calibration factor for each G meter is on the order of 0.01 for each 100 mGal of gravity change; therefore, a change of less than 1 mGal is of the order of 1 Â 10 À4 . The calibration factor between G-127 and G-209 has been determined to be 0.09899 or approximately 10 mGal for every 1 mGal of change. This allows for the data of multiple meters to be used and merged without having to carefully inter-calibrate each meter. [18] It is possible to obtain measurement accuracies of AE10 mGal in volcanic areas if strict survey procedures are used [e.g., Rymer and Brown, 1986; Rymer, 1994] . However, as mentioned above, the Three Sisters station network is not in an ideal environment for measuring gravity. The major difficulty with processing this data set is the presence of tares, particularly in 2005 (Table 1) . In 2004 and 2005, D-meters were used and frequently had large tares. In addition to sensitive meters, the trail used to access the gravity network is approximately 20 km in length and takes 10 to 12 h to complete on foot over rugged ground. The constant jostling of walking, even with the spring clamped, can create tares [e.g., Crider et al., 2008] . The data collected in 2002 is some of the cleanest in this study, with very few obvious tares corrupting the surveys. High frequency noise throughout the . In a later study, deformation models were updated with more data [Dzurisin et al., 2009] ; however, the modeled source volumes are within the original volumetric bounds put forth by Dzurisin et al. [2006] . To eliminate any bias or uncertainty in the possible model geometries, the intrusion was modeled from 5 to 6 km depth with a volume of 2.4 to 6.5 Â 10 7 m 3 . The intrusion is assumed to have approximately the same density as the crust, which would be the case if the intrusion stalled due to buoyancy forces. The addition of material to the system is modeled as an increase in mass as a Mogi [1958] point source. Direct comparisons to the gravity data must be made only on data that has been corrected for vertical change.
Viscoelastic and Gravity Modeling
[20] The gravity point source models show a 20 to 33 mGal increase in the gravitational field near the station CENTER from 2002 to 2009. They predict that the maximum magnitude of the gravity increase will fall away from CENTER, with CUT having a maximum increase of 25 mGal and BRUCE of 16 mGal ( Figure 5) . A sensitivity analysis of the intrusion shape and density was performed to test what effect initial assumptions have using forward gravity modeling software GRAV3D [GRAV3D, 2007] . Modeling the intrusive source as rectangular or spherical shapes made no appreciable difference in the resulting gravitational field.
[21] Deformation modeling with a geomechanics software package, FLAC 6.0 (Fast Lagrangian Analysis of Continua [Itasca Consulting Group, 2007] ), was used to test the possibility that viscoelastic response of the crust is the controlling factor in the observed deformation. FLAC 6.0 allows for the analysis of stress fields through elastic, viscoelastic and viscoplastic modeling in two dimensions. It has been used previously in volcanic studies, however, mostly in the application to slope stability and flank collapse [e.g., Corazzato, 2005, 2009; Casagli et al., 2009] . In this study, only elastic and Maxwell viscoelastic materials were considered when attempting to model the deformation event at Three Sisters Volcanic Field. There are very few constraints available to obtain realistic properties for crustal material thus assumptions about viscosity, density, bulk and shear modulus have to be made. Due to the wide range of eruption types, geologic processes and heterogeneity, it is impossible to accurately represent the crust in the Three Sisters area. Therefore, a simple model with the elastic properties of basalt was used (Table 2) , as basalt to basaltic andesite volcanics are the most common eruptive products near the center of uplift [e.g., Wozniak 1982; Taylor, 1987] and old intrusions at depth would presumably also be basaltic in composition. High heat flow in the Three Sisters region [e.g., Blackwell et al., 1982 Blackwell et al., , 1990 ; Bonafede et al., 1986] suggests that viscous deformation cannot be ignored; however, there is no rigorous method to accurately constrain the crustal viscosity at depth. The only values of crustal viscosities that have been inferred are derived from post-seismic deformation and isostatic rebound for the upper mantle and the lower crust [e.g., Wdowinski and Axen, 1992; Ueda et al., 2003] . Values from these studies range from 3 Â 10 17 to 1 Â 10 18 Pa s for the upper mantle and 1 Â 10 18 to 1 Â 10 23 Pa s for the lower crust.
[22] The two dimensional viscoelastic model used here is 6 km deep and 6 km wide consisting of a flat elastic top layer 4.5 km thick and a bottom viscoelastic layer 1 km thick. The intrusion is represented by an applied constant upward vertical force at 5 km depth across a small 100 m long surface. The side and bottom boundaries of the model are fixed to stop the edges from deforming outward, while the top is allowed to deform freely. The models have a dynamic viscosity range of 10 18 to 10 20 Pa s and show two end-members of the deformation response ( Figure 6 ). For each viscosity, the model run time was 30 years using a time step of 1 day. Models with viscosities 10 20 Pa s or higher are dominated by a nearly instantaneous elastic deformation with a small viscoelastic component, while models with viscosities on the order of 10 18 Pa s are dominated by a linear viscoelastic response. Results show that a viscosity of 10 18 Pa s can produce the observed uplift after the elastic response has ceased. However, for a viscosity of 10 20 Pa s, there is essentially no viscoelastic response, thus it cannot produce the continual deformation at rates observed, unless there is a continuous injection of material at depth.
Discussion
Crustal and Magmatic Properties
[23] The deformation episode at the Three Sisters began in 1997 [Dzurisin et al. 2009] Figure 6 . Modeled viscoelastic responses of the crust for different viscosities with their corresponding applied force.
and continues
In each case, the elastic properties were that of basalt (see Table 1 ).
at a declining rate to the present. Previous work has outlined three possible end-member models that can explain the deformation event ( Figure 7 ).
(1) Continuous injection of material at depth where the magma flow rate from the lower crust is proportional to the pressure causing uplift. (2) Instantaneous pressurization of the crust and the time dependent response of a Maxwell fluid causing continued uplift at the surface. (3) Pressurization of hydrothermal fluids due to the injection of magmatic volatiles from a previous crustal magma body. Each of these possibilities is discussed below with reference to the expected gravitational field and models.
[24] In order to interpret the microgravity data spanning the deforming area at Three Sisters, the effect of water table fluctuations must first be addressed. The surveys performed in 2004 and 2005 occurred from early summer into fall, in an effort to characterize the seasonal effects in groundwater levels. However, the large number of tares and loss of data limit the effectiveness of this approach. Instead, it is better to analyze the data as a whole in conjunction with monthly precipitation as it is more robust and less sensitive to a single anomalous survey. The precipitation data shows that 2004 had more rain than any other year during the survey months ( Figure S1 in the auxiliary material). 1 If water tables are a controlling factor, a positive gravity anomaly would be expected in 2004. The corrected data shows no change throughout the data set greater then estimated error for the surveys (Figure 4 ). There is, however, an exception where small gravity decreases were measured at stations CUT and CENTER in 2009 BRUCE and CENTER stations in 2009. If the gravitational field is solely created through viscoelastic deformation, then the crustal density is effectively decreasing due to expansion. The total deformation from 2002 to 2009 would result in a À16 to À24 mGal drop in the gravitational field at CENTER, À14 to À19 mGal at CUT, À13 to À10 mGal BRUCE, À3 mGal at BUGS and À1 mGal at BASE. If this correction due to viscoelastic expansion is applied to the residual gravity data for CENTER and BRUCE, the values would fall within error around zero (Figure 3 and Text S1). Regardless, it is clear that there is no observed increase in the gravitational field which would be expected from a positive mass flux.
[26] The data collected by Evans et al. [2004] show that the geochemical anomalies in the Separation creek drainage are most likely caused by previous intrusions and not directly connected with the current event. If hydrothermal pressurization is the main cause of deformation then it would also be expected to increase the amount of hydrothermal fluids at depth. Residual gravity would then increase as hydrothermal fluids add mass to the system. However, depending on the volume and depth, this mass increase may be too small to detect above the noise in the gravity data. The steady state nature of the geochemical results suggests that any hydrothermal pressurization would have to be deep enough not to interact with groundwater. The depth of the deformation source at 4.9 km inferred by Dzurisin et al. [2009] is sufficiently deep that there is essentially 0% porosity, suggesting that at this depth, hydrothermal fluids cannot be the cause of uplift. While the models and data presented do not sufficiently constrain the deformation and mass flux to completely rule out hydrothermal pressurization as a possible cause, they do suggest that this is the least likely conceptual model to explain the current deformation event at the Three Sisters Volcanic field.
[27] Gravity forward modeling shows that the expected gravitational increase, if continual injection of material is the sole process, is between 20 to 33 mGal. Field measurements, however, do not show any increase and may suggest a decreasing gravitational field near CENTER and CUT. The lack of gravitational increase suggests that a continual flow of material at depth into an intrusion is not responsible for the deformation. The amplitude of the modeled gravitational field, however, straddles the error levels of the microgravity data set. Hence, it is not possible to completely rule out the possibility that the crust is behaving hydraulically as material is injected continuously at depth. It does suggest, though, that viscoelastic response of the crust is at least partially responsible for the continual uplift.
[28] The increased heat flow for the central Oregon section of the Cascade arc could play a dominant role in determining how the crust is responding to the inferred deep-seated source. Blackwell et al. [1990] made measurements of heat flow throughout much of Oregon and although the measurements do not cover the Three Sisters region, they do provide an estimate of the heat flow and geothermal gradient. An average of 65 C km À1 was obtained along arc near volcanic centers but the values could be much higher near the main cones, to as much as 100 C km À1 [Blackwell et al., 1982 [Blackwell et al., , 1990 . This would suggest that the crust around the inferred intrusion at 5 km depth could be between 325 and 500 C. The strength of quartz greatly decreases at temperatures greater than 350 C [e.g., Buck, 1991] and incoherent material can reduce the effective viscosity [Bonafede et al., 1986] . While these properties are known, there have been no rigorous studies to obtain a crustal viscosity in local areas of high heat flow. Therefore, any viscosity used is conjecture based on studies that infer lower crustal viscosities from post seismic relaxation (e.g., 4 Â 10 18 Pa s, Japan [Ueda et al., 2003] ). The temperature may be similar in volcanic areas to that in the lower crust; however, the confining pressure is significantly less.
[29] Furthermore, there is also a conspicuously low level of seismic activity in the central Oregon part of the Cascade Volcanic Range [Weaver and Michaelson, 1985] . This includes the current deformation event at Three Sisters as there have been very few seismic events associated with it, apart from a seismic swarm in 2004 that consisted of over 300 seismic events [Dzurisin et al., 2006] . High heat flow, low levels of seismic activity, and the presence of incoherent material suggest it is not unreasonable that the crust beneath the Three Sisters could have viscosities lower than 10 20 Pa s.
[30] If deformation is solely caused by viscoleastic response of the crust, there would be no additional mass added to the system. Therefore, if the observed deformation from 2002 to 2009 is primarily caused by a viscoelastic response due to an intrusion, the results of the microgravity data would show no net increase after being corrected for changes in elevation. Furthermore, viscoelastic models provide limited bounds on the expected viscosity and suggest the possibility that the deformation event is a hybrid of viscoelastic response and continual injection. Modeling shows that it is possible to obtain the observed rate of deformation with a nearly instantaneous intrusion of magma if the crustal viscosity beneath the Three Sisters is on the order of 10 18 to 5 Â 10 19 Pa s. Viscosities that are an order of magnitude higher have a strong elastic component to the deformation and hence would require some magmatic injection to continue while also deforming viscoelasticly. It should be noted that the modeled response to the intrusion does not decay ( Figure 6 ). This is due to the intrusion being modeled as a constant force and not a realistic intrusion where the force decays and generates an exponentially decaying deformation field. The gravity data does not rule out this possibility as material injected in this way would be below the detection limits of the survey. If viscosities reach 10 21 Pa s, the modeled deformation is nearly all elastic and would require continual injection of material. The gravity data does not show an increase hence it does not support continual injection as the sole cause of the continuing deformation event as previously discussed. The viscosity, as determined from these simple models for the crust beneath the Three Sisters, is most likely between 10 18 and 5 Â 10 19 Pa s with the deformation from 2002 to 2009 being either dominated by a viscoelastic response or a combination of elastic and viscoelastic. The viscosity range is much lower than expected for upper crustal rocks, however, it falls within the range of that expected for the lower crust [e.g., Wdowinski and Axen, 1992] .
Magma Emplacement Through Density Sieving
[31] If the viscosity beneath the Three Sisters volcanic field is low (10 18 to 5 Â 10 19 Pa s at 5 km), it must have a profound impact on magma rise and emplacement. It has been suggested that the locations of magma chambers at other volcanic centers are controlled by the ductile-brittle transition zone [e.g., Burov et al., 2003] . High heat flow and low crustal viscosity allows buoyancy forces to be the defining factor if or where magma will stall at depth. If buoyancy forces dictate where magma will stall and intrusion rates are relatively low, one would expect a series of magma bodies with depths dependant only on the density of the rising fluid like a density sieve.
[32] A geochemical study on South Sister shows that there are two compositional gaps between 56-62% SiO 2 and 66-73% SiO 2 [Brophy and Dreher, 2000] . The study argues that the compositional gaps are created through magmas stalling at depth, fractionating to higher silica melts and then breaking through the top of the crystallizing intrusion to rise, stall and fractionate further. A similar model has been proposed for Medicine Lake volcano in California [Brophy et al., 1996] based on the compositional gaps found there. Fractional crystallization fits the whole rock geochemistry; however, with crustal viscosity so low, magma should continue to rise as it fractionates and becomes less dense, instead of stalling. More recently, U-series dating together with trace element data on plagioclase and zircon crystals for two different eruptions on South Sister suggest a different explanation. The two eruptions occurred $2000 and $2300 years ago and while they both show similar crystallization ages, they have distinct trace element concentrations [Stelten and Cooper, 2012] . The authors suggest that melt for these two eruptions must have been derived from different source regions and evolved separately. Furthermore, other geochemical data show compositional gaps between 59 to 66% SiO 2 in melt inclusions from many volcanic arcs, even where volcanoes erupt a continuous spectrum of compositions [e.g., Naumov et al., 1997; Reubi and Blundy, 2009] . Due to the lack of andesitic melt inclusions and laboratory experiments, it is suggested that arc compositional gaps form due to differences in melt source. The two general melt source regions that have been used to explain the bimodal distribution are a mantel source that produces mafic magmas and melting in the deep to mid-crustal levels that produces silicic magmas [e.g., Reubi and Blundy, 2009; Kent et al., 2010] .
[33] Intrusion rates at South Sister have been estimated at 0.0003 km 3 yr À1 [Evans et al., 2004] which is an order of magnitude lower than other volcanoes like Mount St. Helens and Mount Fuji [Crisp, 1984; Sherrod and Smith, 1990 ]. Low intrusion rates will reduce the possibility that magmas will have the opportunity to vigorously mix and produce a continuous eruptive chemical spectrum from basalt to rhyolite, leaving compositional gaps recorded in the whole rock chemistry. While there has not been a detailed melt inclusion study on South Sister, the high heat flow, low viscosity, low intrusion rate and geochemical evidence at other volcanoes, suggest that different melt sources are responsible for the composition gaps. Furthermore, low crustal viscosity acts as a density sieve dictating where magma will stall. This model should also be applicable to other arc setting volcanoes with high heat flow and low intrusion rates.
Conclusion
[34] Three general conceptual models have been suggested by past studies [Dzurisin et al., 2006 [Dzurisin et al., , 2009 to explain the cause of the deformation event at the Three Sisters Volcanic complex: (1) viscoelastic response of the crust due to instantaneous pressurization from an intrusion; (2) continual intrusion of material at depth causing constant deformation; (3) overpressure caused by many shallow hydrothermal sources. Spring geochemistry studies indicated that there has been no measurable change in the hydrothermal system following the start of the deformation event [Ingebritsen et al., 1994; Evans et al., 2004] suggesting that model 3 is the least likely. Models 2 and 3 require a positive mass flux to drive uplift from 2002 to 2009, whereas viscoelastic deformation (model 1) does not. Furthermore, the uplift event has been generally aseismic suggesting that viscoelastic deformation probably plays a major role. Microgravity surveys were completed to constrain the deformation process by determining whether any mass was added beneath the deforming area. Gravity results show no significant change, within error, in the mass flux across the deforming area, suggesting that the crust is deforming viscoelastically. While it is impossible to quantify the amount of deformation that could be attributed to viscoelastic response due to noise within the gravity surveys, it is possible to provide some constraints on the crustal viscosity in the Three Sisters region. Viscosities greater than 5 Â 10 19 Pa s have a very weak viscoelastic component requiring the constant addition of material to drive deformation, however, if the crustal viscosity is 10 18 Pa s, then it is possible to continue the deformation event from a single instantaneous pressurization. The most likely cause of this deformation event is the combination of hydraulic and viscoelastic responses due to a magmatic intrusion with average crustal viscosities beneath the Three Sisters between 5 Â 10 19 Pa s and 10 18 Pa s. This agrees with previous studies that the most likely cause of the deformation event is the intrusion of magma at depth. The suggested low crustal viscosity also argues for density and buoyancy forces as the controlling factor for magma emplacement beneath South Sister. To further ground truth both the geothermal gradient and crustal viscosity, a set of drill holes could be made or an active seismic survey could be performed. This would provide better constraints for building a comprehensive model of this continual process, however, the area is a protected wilderness and these approaches are invasive. Unless there is reactivation with a larger intrusion to reverse the decaying deformation trend, this event is extremely unlikely to lead to an eruption.
